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Abstract
Background: Aphasia complicating stroke occurs due to language deficits that decrease communication abilities
and functional independence. Our study aims to assess fractional anisotropy (FA) and mean diffusivity (MD) param‑
eters of diffusion tensor imaging (DTI) of the dorsal stream language areas in patients with post-stroke aphasia. It was
conducted on 27 patients with post-stroke aphasia and 27 age- and sex-matched controls who underwent DTI of the
brain. FA and MD values of Broca’s area (BA), Wernick’s area (WA), superior longitudinal fasciculus (SLF), and arcuate
fasciculus (AF), and number of tract fibers (TF) of AF and SLF were calculated. Results were correlated with National
Institutes of Health Stroke Scale (NIHSS), Arabic version of Comprehensive Aphasia Test (Arabic CAT), and Mansoura
Arabic Screening Aphasia Test (MASAT).
Results: FA of AF and SLF in patients was significantly lower (P = 0.001) than controls. MD of AF and SLF in patients
was significantly higher (P = 0.001) than controls. The mean volume TF of AF and SLF in patients was significantly
(P = 0.001) lower than the mean volume in controls for AF and SLF. FA cutoff for AF was 0.34 and for SLF, it was 0.35
with sensitivity, specificity, and accuracy (85.2%, 62.1%, 73.2%) for AF, (74.1%, 69%, 71.4%) for SLF, respectively. MD cut‑
off value for AF was 0.87, and 0.84 for SLF with sensitivity, specificity, and accuracy (63%, 72.4%, 67.8%) for AF, (81.5%,
79.3%, 80.4%) for SLF, respectively. Cutoff TF of AF was 1728 and for SLF it was 601 with sensitivity, specificity, and
accuracy (88.9%, 72.4%, 80.4%) for AF and (85.2%, 85.2%, 78.6%) for SLF, respectively.
Conclusions: DTI is a non-invasive promising method that can be used to assess language areas in patients with
post-stroke aphasia.
Keywords: Diffusion tensor imaging, Stroke, Aphasia
Background
Aphasia is a very common complication in stroke
patients; it is reported in up to 30% of acute stroke
survivors and long-lasting in the chronic post-stroke
stage in 16–31% of these patients; however, spontaneous recovery may occur during the first three months
after onset. Aphasia occurs due to language deficits
that impair communication abilities and decrease
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functional independence. Patients with aphasia have
many difficulties in spontaneous speech, comprehension, repetition, reading, writing, and calculation,
which have adverse effects on their daily life. Therefore, a quantitative and precise assessment of microstructural damage in language areas would enhance
understanding of disease pathology and prognosis of
aphasia [1–3]. Several cerebral areas such as BA and
WA are responsible for language processing; WA (posterosuperior temporal) is considered receptive language area and BA (inferolateral frontal) is considered
expressive language area or motor center of speech.
Neural tracts for language are classified into two
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categories: the dorsal stream for phonation and the
ventral stream for comprehension. The dorsal stream
originates in the peri-Sylvian area within the superior temporal gyrus. Its major fiber tracts include SLF
and AF, connecting WA with BA. AF in the dominant
hemisphere (usually the left) supports comprehension,
speech production, repetition, and reading. AF also
plays an essential role in the presence, recovery, and
prognosis prediction of aphasia [2–6].
National Institutes of Health Stroke Scale (NIHSS)
quantifies the impairment caused by a stroke. The
NIHSS is composed of 11 items, each of which scores a
specific ability between 0 and 4. For each item, a score
of 0 typically indicates a normal function in that specific ability, while a higher score is indicative of some
level of impairment [7]. Mansoura Arabic Screening
Aphasia Test (MASAT) is a valid and a reliable screening tool that can be completed within a brief single
therapy session, bedside evaluation, or the first clinic
appointment that detects the type and severity of Arabic-speaking aphasic patients [8]. Arabic version of the
Comprehensive Aphasia Test (Arabic CAT) the modified CAT provides an overview of the linguistic abilities and impairments of an aphasic person through a
quick comprehensive and standardized profile of language performance [9].
Diffusion tensor imaging (DTI) is an emerging MR
imaging technique that reflects micromovement of
water molecules and can distinguish between different
tissue compartments at the cellular level with different
metrics. The most common metrics of diffusion tensor
imaging used are fractional anisotropy (FA) and mean
diffusivity (MD) [10–15]. DTI facilitates the reconstruction and investigation of the language areas and
allows anatomical assessment of damage-dysfunction
relationships [16–18]. FA reflects brain integrity using
the movement of water molecules and is used to investigate changes in brain structures associated with language function according to duration after stroke [1–4,
19]. DTI provides useful information on the evaluation
of AF injury and its severity in stroke patients with
aphasia [4, 5, 20, 21]. In this study measurement of
the FA and MD changes in WA and BA was correlated
with the clinical scoring for stroke (NIHSS) and aphasia scores including Arabic CAT Screening test and
Mansoura Arabic Screening Aphasia Test.
This work aimed to test the significance of FA and
MD of DTI in assessing the dorsal stream language
areas in patients with aphasia after stroke in correlation with clinical scoring systems.
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Methods
Patients

Institutional review board approval was obtained, and
informed consent was taken from each patient. This
study was a prospective study that was performed on
29 consecutive patients, and inclusion criteria included
patients presented with aphasia, according to clinical
scoring systems [8, 9], after having an ischemic stroke.
Exclusion criteria included the presence of cognitive
and neurological deficits or psychiatric illness or other
major medical disorder in healthy participants. Two
patients with motion artifacts were also excluded. The
final patients included in this study were 27 patients (15
males and 12 females, age range from 33 to 82 years,
mean age 57.9 ± 8.3 years). All patients presented clinically with aphasia and right-sided hemiparesis and
underwent non-contrast MRI of the brain with DTI
on the diseased side (in all patients it was the Lt side),
disease duration ranged between 2 and 6 weeks, and 27
controls of matched age and sex who had no neurological deficits underwent brain MRI with DTI with assessment of the same parameters.
Clinical tests

Patients were subjected to specific clinical tests which
were done, while the patient in the acute stage (within
2–6 weeks), NIHSS was done followed by MASAT and
Arabic CAT for true assessment of established language
defect. For stroke assessment using NIHSS, the individual scores from each item are summed in order to calculate a patient’s total NIHSS score. Score 0 indicates no
stroke symptoms, score 1–4 indicates minor symptoms,
score 5–15 indicates moderate stroke, score 16–20 indicates moderate to severe [7]. MASAT is categorized
into (A) Educated patients: Total normal test examination = 60, mild dysphasia = 46–59, moderate dysphasia = 31–45, and severe dysphasia ≤ 30. (B) Illiterate
patients: Total normal test examination: = 48, mild dysphasia = 25–47, moderate dysphasia = 13–24, severe dysphasia = 0–12 [8]. Arabic CAT Screening test: Almost all
the test items are scored on a 0–2 scale [9]. Arabic CAT
is the profile of T-scores across the different subtests that
can be used to identify strengths and weaknesses relative
to the aphasic population. The overall severity of aphasic impairment is estimated by taking the mean T-score
across the eight language modalities of the CAT (totals
of spoken language, written language, repetition, naming,
spoken picture description, reading, writing, and written
picture description). If scores are unavailable, the mean
score on at least 4–6 of the eight modalities may yield a
reliable estimate of the overall severity. The T-score is
represented on T-score profile on which the cutoff scores
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are represented. Scores below the cutoff points indicate
aphasic performance [8, 9].
MR imaging

All patients were examined on a 1.5-T scanner (Ingenia,
Philips, Philips Medical Systems, Best, Nederland). A
self-shielding gradient set with a 16-channel neurovascular coil was used. Sequences used: T1-weighted
images TR/TE = 800/15 ms), T2-weighted fast spinecho images (TR/TE = 6000/80 ms), and fluid-attenuated inversion recovery FLAIR images. The scanning
parameters were section thickness = 5 mm, an interslice gap = 1.5 mm, a field of view (FOV) = 25–30 cm2
and an acquisition matrix = 256 × 224. DTI acquired
using a single-shot echo-planar imaging sequence (TR/
TE = 3200/ 90 ms) with parallel imaging. Automatic
multi-angle-projection shim and chemical shift selective
fat suppression (CHESS) technique applied to reduce
the artifacts at diffusion-weighted MR images. Diffusion
gradients were applied along 32 axes, using a b-value
of 0 and 1000 s/mm2. The scanning parameters were:
FOV = 250 × 170 mm2, data matrix = 92 × 88 and voxel
dimensions = 2.43 × 2.54 × 2.5 mm3. Forty-eight slices
were obtained, with a thickness of 2.5 mm, with no gap
and the total scan duration was 7–8 min.
Image analysis

Using secondary work station (Phillips Advantage windows workstation with functional tool software) image
analysis was performed by ten and fifteen years experienced neuro-radiologists who were blinded to the clinical tests. Conventional MRI images were evaluated by
one radiologist (AA), for the detection of infarction
region. Fiber tracking and reconstruction of the AF and
SLF was done by the other radiologist (AE). For reconstructing the AF, two ROIs approach by Catani et al. [22,
23] was used; a ROI was manually placed on the posterior parietal area of the superior longitudinal fascicle, and
another target ROI was placed in the posterior temporal
lobe. In control group fiber tracking was initiated with a
fractional anisotropy (FA) > 0.18 and apparent diffusion
coefficient (ADC) > 0.01 at the center of a seed voxel. For
SLF ROI on the axial plane placed on the angular gyrus
and the precentral gyrus and caudal middle frontal gyrus
based on brain atlas. Fibers running to the temporal lobe
were excluded as they belong to the arcuate fasciculus.
Tracts were captured over 3D brain volumes
T2-BRAVO images.
A ROI was placed on the obtained tracts on the diseased side with infarction; the FA and MD were automatically calculated as well as the number of TF. A ROI
was placed on BA (inferolateral frontal) and WA (posterosuperior temporal) on the side with infarction with
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measurement of the FA and MD values. Tracts were
visually evaluated for changes in size and changes in the
number of tract fibers, and the involved white matter
tracts were compared with the corresponding tracts of
the normal hemisphere in the control group.
Statistical analysis

Data were fed to the computer and analyzed using IBM
SPSS Corp. Released in 2013. IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp. Quantitative data (FA, MD, volume, NHISS) were described
using median (minimum and maximum), mean, and
standard deviation. The significance of the obtained
results was judged at the (0.05) level. After testing normality using the Kolmogorov–Smirnov test, Student’s t
test was used to compare between patients and control
groups. The Spearman’s rank-order correlation is used to
determine the strength and direction of a linear relationship between two non-normally distributed continuous
variables (between FA, MD, number of TF, and clinical
assessment scores). The diagnostic performance of a test
or the accuracy of a test to discriminate diseased cases
from non-diseased cases is evaluated using receiver operating characteristic (ROC) curve analysis. Sensitivity and
specificity were detected from the curve, and PPV, NPV,
and accuracy were calculated through cross-tabulation.

Results
All patients had left-sided ischemic stroke lesions, one
patient with conduction aphasia showed partial injury
of the left AF, patients with Broca’s aphasia showed disruptions of the left AF over the stroke lesions, and one
patient with global aphasia had a severe injury and Wallerian degeneration of the left AF with difficult reconstruction and marked thinning of tract fibers Fig. 1.
Table 1 shows the mean, standard deviation of FA and
MD (×10−3mm2/s), and number of TF between patients
and control. Table 2 shows the ROC curve results with
the calculation of AUC, cutoff, accuracy, sensitivity, and
specificity of FA and MD (10−3 mm2/s) of the language
areas used to differentiate patients and control. Figure 2
shows DTI of mild aphasia, and Fig. 3 shows DTI of
severe aphasia.
DTI findings

The mean FA of affected SLF (0.31 ± 0.05) was significantly lower than controls (0.37 ± 0.02). The mean FA of
the affected AF was 0.30 ± 0.04 which was significantly
lower than controls (0.35 ± 0.02). There was no statistically significant difference between the FA of the affected
BA and WA. The FA cutoff value for AF was 0.34, and for
SLF it was 0.35 below which was considered a diseased
area, and values above were considered normal areas,
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Fig. 1 A 58-year-old male, a axial T2-WI, b axial FLAIR image showing Lt.-sided massive infarction, c coronal T2 DTI image with reconstructed AF
showing interruption of the Lt. AF with marked reduction of its size and decreased number of fibers

Table 1 Mean, standard deviation of FA and MD (10−3 mm2/s) and volume between patients and control
Broca’s area

FA
P value
MD

Wernick’s area

Patients

Control

0.27 ± .11

0.25 ± .12

0.63

AF

Patients

Control

0.38 ± .12

0.35 ± .15

0.82 ± .1

0.83 ± .1

0.64

P value

0.338

0.87 ± .1

0.82 ± .1

Volume

NAD

NAD

NAD

NAD

P value

NAD

NAD

NAD

NAD

0.29

Table 2 Results of ROC curve with calculation of AUC, cutoff,
accuracy, sensitivity, and specificity of FA and MD (10−3 mm2/s)
and number of TF used to differentiate patients and control
AUC Cutoff Sensitivity (%) Specificity (%) Accuracy (%)
Arcuate F
FA

0.789 0.345

85.2

62.1

73.2

MD 0.724 0.875

63.0

72.4

67.8

TF

0.874 1728

88.9

72.4

80.4

SLF
FA

0.815 0.355

74.1

69.0

71.4

MD 0.803 0.845

81.5

79.3

80.4

TF

85.2

85.2

78.6

0.880 0.601

with sensitivity, specificity, and accuracy (85.2%, 62.1%,
73.2%) for AF, (74.1%, 69%, 71.4%) for SLF, respectively
(Fig. 4a).
The mean MD value of the affected SLF was
0.91 ± 0.1 × 10−3 mm2/s which was significantly higher

SLF

Patients

Control

0.30 ± .04

0.35 ± .02

0.89 ± 0.09

0.84 ± .05

731 ± 743

2649.5 ± 1728

0.001
0.001
0.001

Patients

Control

0.31 ± .05

0.37 ± .03

0.91 ± .11

0.81 ± .04

285.6 ± 264

1039.6 ± 698

0.001
0.001
0.001

than the mean MD of control (0.81 ± 0.04 × 10−3 mm2/s)
(P = 0.001). The mean MD value of the affected AF
was 0.89 ± 0.09 × 10−3 mm2/s which was significantly higher than controls (0.84 ± 0.05 × 10−3 mm2/s).
There was no statistically significant difference
between the mean MD value of the affected BA
which was 0.87 ± 0.1 × 10−3 mm2/s and controls
(0.82 ± 0.1 × 10−3 mm2/s). Also, the mean MD value of
the affected WA was 0.82 ± 0.1 × 10−3 mm2/s which was
not higher than controls (0.83 ± 0.1 × 10−3 mm2/s). The
MD cutoff value for AF was 0.87 and for SLF it was 0.84,
values above were considered diseased area, and values
below were considered normal areas, with sensitivity,
specificity, and accuracy (63%, 72.4%, 67.8%) for AF and
(81.5%, 79.3%, 80.4%) for SLF, respectively (Fig. 4b).
The volume of TF of SLF in patients was 285.6 ± 264
which was significantly (P value = 0.001) lower than
that of TF in controls (1039.6 ± 698). The volume of
TF of AF in patients was 731 ± 743 which was significantly lower than that of controls (2649.5 ± 1728),
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Fig. 2 DTI of patient with mild aphasia: 46-year-old male, a axial T2-WI, b axial FLAIR image showing Lt. temporal infarction, c coronal DTI image
with reconstructed AF, d axial DTI image with reconstructed SLF showing mild reduction of the Lt. AF and Lt. SLF size with decreased number of
fibers. On the Rt. side values showed more preserved function and integrity

(P value = 0.001). The cutoff values of volume of AF
and SLF between patients and controls was 1728 and
601 with sensitivity, specificity and accuracy (88.9%,
72.4%, 80.4%) for AF and (85.2%, 85.2%, 78.6%) for SLF,
respectively (Fig. 4c).

Clinical tests and correlations

According to NIHSS, one patient had minor stroke
symptoms, twenty-five had moderate stroke symptoms,
and one had severe stroke symptoms. Patients were
clinically classified according to the type of aphasia; five
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Fig. 3 DTI of patient with sever aphasia 68-year-old male, a axial T2-WI, b axial FLAIR image showing Lt.-sided infarction, with senile brain atrophic
changes, c axial T2 DTI with reconstructed SLF, d coronal T2 DTI image with reconstructed AF showing marked reduction of both AF and SLF size
more evident on the Lt. side, with decreased number of fibers, the patient had history of Rt.-sided infarction 2 years ago

patients had Wernick’s aphasia, two patients with transcortical motor aphasia, four patients with global aphasia, two with conduction aphasia, thirteen patients with
Broca’s aphasia, and one patient with anomic aphasia.
According to the Arabic CAT, all patients were aphasic.
According to MASAT, patients were classified into mild
(n = 2), moderate (n = 12), and severe (n = 13). The
mean of NIHSS was 9.1; there was a significant difference between mild and advanced cases. The NIHSS was

negatively correlated with FA of the SLF (r =  − 0.55,
p = 0.011). The mean value of Mansoura score was 20.3;
it was positively correlated with FA of SLF (r = 0.532,
p = 0.02) and with number of TF of AF (r = 0.62,
p = 0.005). The mean value of Arabic CAT was 44.5
it was positively correlated with the number of TF of
AF (r = 0.54, p = 0.02), and disease duration (r = 0.727,
p = 0.001). Also, a number of TF of the SLF was positively correlated with MASAT (r = 0.554, p = 0.017) and
with Arabic CAT (r = 0.470, p = 0.049).
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Fig. 4 ROC curve of a FA of AF and SLF, b volume of AF and SLF, c MD of AF and SLF

Discussion
DTI metrics have been used to monitor structural
changes in aphasia after stroke due to marked sensitivity
in detecting structural tissue abnormalities. DTI parameters can also be used as prognostic markers of disease
evolution [1, 2, 17–19]. In this study, mean FA and MD of
the AF and SLF and number of TF were found to be accurate parameters for detecting differences and changes
between patients (with affected language areas and
tracts) and controls.
FA is a common measurement used in DTI studies
that indicates diffusion orientation and is high along
well-defined pathways such as the corpus callosum,
pyramidal tracts, and optic radiations. FA value is a

potential marker of axonal structural integrity; higher
FA values indicate increased parallel movement of
water molecules to fiber tracts, denoting increased
structural connectivity [1–3, 18, 19]. Decreased FA
value is related to the disintegration of the neural tract.
In our study, we found that the mean FA of AF and
SLF in patients with aphasia was significantly lower
than controls with a positive correlation between FA
of SLF and MASAT. There was also a negative correlation between the FA of the SLF and NIHSS, indicating
that decrease in FA value was associated with a higher
NIHSS score. This was in agreement with previous DTI
studies [4, 5, 20, 21] that showed negative correlations
between comprehension abilities and FA decline.
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MD value indicates the magnitude of water diffusion,
which can increase with vasogenic edema or accumulation of cellular debris due to axonal damage. The mean
MD value of AF and SLF in patients with aphasia in our
results was significantly higher than the mean MD value
in controls. This study’s findings demonstrated that injuries of the AF and SLF could cause conduction aphasia
in stroke patients. This was coping with other studies [5]
which showed that lower FA and higher MD values of
the AF and SLF of the affected hemisphere were found to
show a correlation with a decreased ability of repetition
and comprehension deficits after stroke, and also showed
an association with lower FA value of the affected AF [1,
2, 17, 18].
In our study changes of the AF and SLF in patients
were in the form of decreased FA value, increased MD
value, and decreased number of TF on DTI which can be
used as follow-up DTI parameter in stroke patients. This
was in agreement with other studies which revealed that
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AF has a critical role in determining aphasia severity with
decreased FA value and a smaller number of TF of the
affected AF, compared with the control AF [5, 20, 21].
In our study during processing of cases, we have
noticed that atrophic brain changes led to marking thinning of the affected tract fibers with evident degeneration
and atrophy, and patients with mild NIHSS showed more
preserved shape and number of TF of the AF and SLF,
while aged patients with brain atrophic changes showed
a decreased number of TF of the AF and SLF as a part of
the aging process. A previous study reported that higher
FA values and a higher number of tract fibers in corpus
callosum suggest intact fibers, and also reported that
density and volume of corpus callosum can be affected by
brain size [24] which was in agreement with our results
(Fig. 5).
In our study, the FA values of the affected posterior segments of the AF, and the anterior segments of the AF in
patients with Wernick’s-like conduction aphasia and in

Fig. 5 DTI of patient with sever aphasia: 61-year-old patient with a axial T2 reconstructed Lt SLF with marked thinning and atrophy of its fibers, b
coronal T2 reconstructed AF shows the Lt AF also with sever atrophy, c axial T2WI for both SLF with marked thinning. d Coronal reconstructed AF
and e axial reconstructed SLF in another patient with similar findings
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patients with Broca’s-like conduction aphasia, respectively,
were smaller than those of controls. However, there was no
significant difference detected in the mean FA value in BA
and WA between patients and control which may be attributed to the presence of Lt-sided infarction in all patients
interfered with accurate ROI placement at the anatomical
site of the BA and WA.
The integration of both DTI and conventional MRI measures together with connectivity-based regional assessment
and the development of novel image analysis and visualization techniques could provide better means to understand
the nature and the location of WM abnormalities. The
relationship between WM disruption, WM connectivity,
and clinical measures will potentially allow clinicians to
correlate fiber tract disruption and cognitive impairment
better. Furthermore, it would ultimately lead to improved
monitoring of patients, better prediction of the course of
the disease, and more rapid assessment of new treatments
or therapies [1–4, 19].
In this study, there is a correlation between NIHSS and
DTI parameters. NIHSS quantifies the impairment caused
by a stroke [7]. MASAT is a valid and reliable brief assessment tool that can be completed on the first clinic appointment that detects the type and severity of Arabic-speaking
aphasic patients; the tool is designed to be used by either
phoniatricians who are physicians in Egypt or speech-language pathologists [8]. Provided clinical data by these tests
could be correlated with imaging findings and parameters
detected by DTI; minor or moderate stroke symptoms
with subsequent mild to moderate aphasia are expected to
have less damage to and more preserved functions of the
affected language areas as well as maintained number of
TF, in contrary to cases with moderate to severe and cases
with severe stroke symptoms and aphasia.
There are a few limitations of this study. First, this study
includes a small number of patients. Further studies done
upon a large number of patients are recommended and
also patients recruited at different stages of post-stroke
recovery and were grouped together over a time period
ranging from two to six weeks after stroke, which might
have affected the results. Second, this study used DTI at a
1.5-Tesla machine. Further studies that used multi-parametric MR imaging include arterial spin labeling, perfusion
MR imaging, and MR spectroscopy will improve the results
[25–34]. Third, there is no follow-up of these patients. Further studies with longitudinal assessment of these patients
after therapy are recommended.

Conclusions
We concluded that FA and MD of AF and SLF, as well as
the number of TF, can detect changes in language areas
in patients with aphasia after stroke, which could be correlated with the patient’s clinical data.
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